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In radiotherapy, the energy of the y rays used could be larger than 10 MeV, which would potentially activate 
stable nucleus into a radioactive one. The y induced reactions on some of the human essential elements are 
studied to show the probability of changes of nuclei. The Talys 1.4 toolkit was adopted as the theoretical model 
for calculation. The reactions investigated include the (y, n) and (y, p) channels for the stable Na, Mg, Cl, 
K, Ca, and Fe isotopes, with the incident energy of y ranging from 1 to 30 MeV. It was found that the cross 
sections for the reactions are very low, and the maximum cross section is no larger than 100 mb. By considering 
the threshold energy of the channel, the half-life time of the residue nucleus, and the percentage of the element 
accounting for the weight and its importance in the body, it is suggested to track the radioactive nuclei 7*Na, 
“Ca, and “9K after y therapy. The results might be useful for medical diagnosis and disease treatment. 
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I. INTRODUCTION 


Nuclear technology has found many applications in medi- 
cal diagnosis and disease treatment, such as the X/y-CT, X/y- 
cure, and positron emission computed tomography (PET), 
etc. In radiation therapy, most of the side effects are pre- 
dictable and expected, thus are avoidable in the patient’s 
normal tissue. It is desirable to understand the origina- 
tion of side effects and ways to reduce the unwanted side 
effects. Besides the complex biochemical effects [1-3] of y 
rays on molecules, mainly through ionization and Compton 
scattering [4], y rays can induce a nuclear reaction through 
positron-electron pair production and photon activation reac- 
tions. Though the possibility is quite low, the high energy 
y rays (Ey > ~10MeV) can also induce nuclear activation 
reactions and activate the stable nucleus into radioactive nu- 
cleus. It is well known that around y = 15 MeV, the nu- 
cleus has a strong y-absorption (y-emission) rate because of 
the giant dipole resonance [5-8], in which stable nuclei can 
be activated to unstable ones via (y, n) or (y, p) reactions. 
In particular, for nuclei with small mass numbers, the (y, 7) 
cross section may form a peak below 15 MeV, for example, 
13C [8], "O [9], 18O [10] and 79Si [11]. The energy of y 
rays used in y cure can be larger than 10 MeV, which poten- 
tially can induce y-activation reactions. The residue nucleus 
of y-activation reactions in potential can be one kind of inner 
radioactivity and harmful to normal tissue if it has a long half- 
life. It is interesting to study the y-induced reactions on the 
elements forming the human body in the energy range of y- 
cure. Motivated by this reason, in this article, the y-induced 
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reactions on the isotopes of essential elements of the human 
body will be investigated. Meanwhile, the possible nuclear 
activation reactions for these isotopes will be discussed. 


I. METHODS 


The y induced reactions on the nucleus are called photon- 
nucleus reactions, which have attracted much attention in nu- 
clear physics. A lot of y induced reactions on various iso- 
topes have been measured for different purposes. The opti- 
cal model is very successful in predicting the y induced re- 
actions for outgoing particles. In the Talys toolkit [12], the 
ECIS-06 code has been implanted as a subroutine to deal with 
the optical model calculations [13, 14]. The Talys toolkit 
is usually used in the analysis of experiments and generat- 
ing of nuclear data. With different adjustable parameters, the 
Talys toolkit can reproduce the neutron induced reactions on 
the nuclei with a mass of A > 30. While for a nucleus of 
A < 30, the parameters in Talys should be adjusted to co- 
incide with the experimental results [14, 15]. Talys version 
1.4 is adopted in this work. We will not describe the model 
since the aim of this work is not to introduce the physics of 
the Talys. The complete description of Talys1.4 can be found 
in the user manual [12]. The long half-life time radioactive 
nuclei produced from stable nuclei by y-activation reactions 
will be the focus. The (y, n) and (y, p) channels will be 
calculated by considering whether the residue nucleus is un- 
stable and has a long half-life time. The calculated results are 
also compared to the experimental results extracted from the 
EXFOR library [16]. The default parameters in Talys1.4 are 
adopted, since we do not aim to exactly reproduce the mea- 
sured data, which requires the careful adjustment of parame- 
ters. All the natural abundance data and the half-life time of 
the isotopes are taken from the National Nuclear Data Cen- 
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ter (NNDC) [17]. The knowledge about human elements in 
the following discussion is extracted from the website of the 
Micronutrient Information Center of Linus Pauling Institute 
(MICLPD [18]. 


II. RESULTS AND DISCUSSION 


In medical experimentation, the samples of blood and hair 
are generally inspected. We study the y induced reactions on 
the isotopes of Na, Cl, Ca, K, and Mg because they have a 
relatively large weight in the human body. 


A. Na(y, n)”Na 


Sodium has only one stable isotope, 23Na. For an adult, 
sodium accounts for 0.15% of the human body, most of which 
exists in bones (about 40-47%), extracellular fluids (about 
44-50%), and blood (about 9-10%).The function of sodium 
is to maintain the balance of osmotic pressures and moisture 
inside and outside the cell and to assist in the normal oper- 
ation of the nerves, heart, muscles, and other physiological 
functions [19]. The retention time of sodium is short in the 
body, and is discharged mainly by sweat and the renal system. 
The normal level of Na* in blood is 136-146 mmol/L. 

For the ?Na(y, )??Na reaction, the residue 77Na is a ra- 
dioactive nucleus, which decays to 7*Ne via positron emis- 
sions with a half-life time of 2.60 y. ??Na is used to create 
test-objects and point-sources for positron emission tomogra- 
phy. In nuclear accidents, the sodium isotopes are also indi- 
cators to estimate exposure to neutron radiation [15]. 
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Fig. 1. (Color online) The results for the 3Na(y, n)”Na reaction. 
The calculated result is plotted as the solid line, and the measured 
ones are plotted as circles and triangles. 


The cross section (c) of ?Na(y, n)? Na is plotted in Fig. 1. 
The calculated threshold energy (Em) for BNa(y, n)?Na is 
12.50 MeV, which agrees with the measured results. The 
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measured o for the (y, n) reaction by Alvarez et al. [20] and 
Veyssiere et al. [21] are consistent. When Ey > Enp, the 
measured ø increases quickly with FE, but forms a plateau 
when Ey > 16 MeV. The calculated results overestimate the 
measured ones in 12.5MeV < Ey < 16MeV. The mea- 
sured o for Na(y, n)”*Na within the range of 16MeV < 
Ey < 23 MeV is around 10 mb. It could be necessary to track 
the ?Na in body after the y cure since it has a long half-life 
and sodium accounts for a relatively large percentage of body 
weight. 


B. Caly, n)"Ca, “Ca(y, p)”K, and “Cay, p)#K 


Calcium is the most abundant mineral in the human body. 
About 99% of the calcium in the body is in bones and teeth, 
with the other 1% in the blood and soft tissues. Calcium is 
deposited in body and kept for a long time. The normal level 
of calcium in the blood is 1.55-2.10 mmol/L. 

For the y + Ca reaction, the three isotopes "Ca BCa, 
and “4Ca (with the natural abundance 0.647%, 0.135%, and 
2.08%, respectively), are considered. For the Cay, n)*!Ca, 
BCa(y, p)*?K and “Ca(y, p)®K channels, +'Ca decays into 
“K via electron capture with a half-life of 1.02 x 10° a; K 
decays to *?Ca and *K decays into Ca, both via electron 
emission with the half-lifes of 12.32h and 22.30h, respec- 
tively. There are no natural **K and #K isotopes. 
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Fig. 2. (Color online) The calculated cross section for the >Me(y, 
p) "Na, “CY, n)°*°Cl, Caly, n)*'Ca, ®Caly, p)?K, and “Caly, 
p)*K reactions. 


No measured data was found for the **Ca(y, n)*!Ca, 
BCa(y, p)?K and “Ca(y, p)*3K reactions. The calculated 
results are plotted in Fig. 2. The calculated Ey for the **Ca(y, 
n)*!Ca, 8Ca(y, p)?K and “Cay, p)®K channels are 11.48, 
10.68 and 12.16 MeV, respectively. The distributions of the 
cross section form peaks around 19.80, 19.40 and 20.60 MeV, 
respectively. Since these reactions have Em around 10 MeV, 
and the residue nuclei have relatively long half-life, it is nec- 
essary to track the decays of *!Ca, **K, and *K after the y 
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TABLE 1. A summary of the results for the y induced reactions discussed 


Reaction 3Na(y, n)? Na 25Mg(y, p)” Na 3TCL(y, n)*°Cl 4Ca(y, n)*!Ca BCaly, pK “Caly, p)?K 
En(MeV) 12.50 12.06 10.31 11.48 10.68 12.16 
Decay mode et eT e EC ë eT 
Half-life time 2.6027 y 15.00h 3.01 x 10° y 1.02 x 10° a 12.32h 22.30h 
Final residue Na Mg Ar “kK "Ca BCa 
“Max. of o (mb) 10.58 6.25 37.14 34.47 6.83 4.42 
>High o range (mb) 19.6-21.2 = 11-23.5 14.2-23 = = 


a The maximum value of cross section for the reaction; 
> The Ey range where o > 10mb. 


therapy. 


C. *Mg(y, p) 4Na 


Magnesium is an essential mineral and a cofactor for hun- 
dreds of enzymes, it accounts for about 0.05% of the weight 
of an adult. It is also one of the main components of bone and 
an essential mineral element in the human body. The normal 
value of magnesium levels in blood is 0.6—0.95 mmol/L. 

The natural abundance of Mg is about 10%. For the 
25Mg(y, p)*4Na reaction, *4Na is unstable, which allows it 
to decay to *4Mg via electron emission with a half-life of 
15.00h. The calculated results are plotted in Fig. 2. The Fin 
is 12.06 MeV. The cross sections form a peak around 21 MeV 
and the largest cross section is 6.25 mb, which is very small 
compared to the other elements. 

The results for the y induced reactions on isotopes of the 
human essential elements have been summarized in Table 1. 
The cross sections for the reactions are very low with the 
maximum values less than 100 mb. From Table 1, it can be 
seen that Na, ?’Cl, and “Ca can be activated by y with 
o > 10mb,and the radioactive residue nuclei have a long 
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